Analysis of Type I ELMs from present experiments shows that ELM energy losses are correlated with the density and temperature of the pedestal plasma before the ELM crash. The Type I ELM plasma energy loss normalised to the pedestal energy is found to correlate across experiments with the collisionality of the pedestal plasma (ν* ped ), decreasing with increasing ν* ped . Other parameters affect the ELM size such as the edge magnetic shear, etc., that influence the plasma volume affected by the ELMs. ELM particle losses are influenced by this ELM affected volume and are weakly dependent on other pedestal plasma parameters. In some conditions in JET and DIII-D, ELMs can be observed ("Minimum" Type I ELMs with energy losses acceptable for ITER), in which ELMs do not affect the plasma temperature. The duration of the divertor ELM power pulse is correlated with the typical ion transport time from the pedestal to the divertor target ( 
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ABSTRACT.
Analysis of Type I ELMs from present experiments shows that ELM energy losses are correlated with the density and temperature of the pedestal plasma before the ELM crash. The Type I ELM plasma energy loss normalised to the pedestal energy is found to correlate across experiments with the collisionality of the pedestal plasma (ν* ped ), decreasing with increasing ν* ped . Other parameters affect the ELM size such as the edge magnetic shear, etc., that influence the plasma volume affected by the ELMs. ELM particle losses are influenced by this ELM affected volume and are weakly dependent on other pedestal plasma parameters. In some conditions in JET and DIII-D, ELMs can be observed ("Minimum" Type I ELMs with energy losses acceptable for ITER), in which ELMs do not affect the plasma temperature. The duration of the divertor ELM power pulse is correlated with the typical ion transport time from the pedestal to the divertor target ( The extrapolation of present experimental results to ITER is summarised.
INTRODUCTION.
The Type I ELMy H-mode regime is the reference regime for inductive operation of some next step devices such as ITER [16] . The Type I ELMy H-mode is a regime obtained in many divertor tokamaks and has acceptable energy confinement at the high densities required in next step devices and fusion reactors, particularly at higher plasma triangularities [46, 22, 39, 50] . Type I ELMy Hmodes show experimental performances with respect to steady state helium exhaust [52, 3, 48, 11] and divertor power deposition [42, 21, 45] which could meet the necessary requirements when extrapolated to next step devices such as ITER [23] .
A major drawback of the Type I ELMy H-mode is the periodic large power loads on plasma facing components associated with the Type I ELMs [53, 13, 5, 26] . Determining the size of the expected Type I ELM power loads in ITER is the object of active research and this paper summarises recent progress in this direction. Divertor tokamak experiments show that Type I ELMs cause fast losses of energy (~ several hundred microseconds) from the confined plasma that amount typically to few percent of the plasma energy (as determined by diamagnetic loop measurements) [53] . A large part of this energy is deposited on the divertor target over an area similar or somewhat larger than that of steady-state power flow [14] . The power loads associated with Type I ELMs are, generally, of no concern for the lifetime of the divertor targets in present experiments, but may lead to unacceptable divertor target lifetime reduction when extrapolated to next step devices [16, 27, 20, 33, 8] . This divertor lifetime limitation in ITER is associated with the target surface temperature exceeding the sublimation (for a carbon divertor target) or melting (for a tungsten divertor target) temperature that leads to a large target erosion at every ELM. More details on the expected Type I ELM erosion rates in ITER and their dependence on energy flux characteristics can be found in a companion paper in this ELM cluster [8] . ELM driven particle losses from the core plasma have, on the contrary, a positive influence on the performance of ELMy H-modes. The particle confinement time in Hmodes is significantly increased with respect to L-mode and the ELMs provide the required particle outflux to achieve stationary plasma content [53] . The influence of the ELM driven particle fluxes on impurities is even more dramatic and, in the absence of ELMs, H-mode discharges suffer from impurity accumulation [53] .
Understanding of the physics mechanisms behind the ELM particle and energy losses from the main plasma, the associated energy fluxes on the divertor target and main chamber plasma facing components and their extrapolation to ITER requires dedicated experiments in existing divertor tokamaks and the comparison of the relevant measurements from these experiments. In this paper, we present the results from an initial comparison of experimental results from ASDEX Upgrade, DIII-D, JET and JT-60U carried out within the International Tokamak Physics Activities (ITPA). The plasma parameters considered in this study are the core plasma ELM energy and particle losses (∆W ELM and ∆N ELM ) and the divertor ELM energy flux and its spatial and temporal characteristics.
Measurements of Type I ELM characteristics are difficult and, hence, for some parameters, systematic studies are only available in one experimental device. In those cases, we summarise the findings in the relevant device and highlight the experiments/measurements needed in other experiments in order to provide a firm extrapolation from these results to ITER. The research in this area is ongoing and the development of a physics model for the ELM energy and particle losses is far from complete. Hence, this paper represents the present understanding of the processes involved in the loss of energy from the main plasma based on observations in several divertor tokamaks. As more detailed experiments are carried out and better measurements are available, some areas of this understanding are bound to change.
CHARACTERISTICS AND INTRINSIC VARIABILITY OF TYPE I MAIN PLASMA ELM ENERGY LOSSES AND DIVERTOR ENERGY FLUXES.
The ELMs considered in this study are from discharges with dominant NBI heating in stationary plasma conditions. Under these conditions, experimental measurements show that ELM bulk plasma energy and particle losses and other main plasma ELM characteristics are reproducible, although not identical, as expected for a phenomenon triggered by a MHD instability. Figure 1 show the measured probability distribution function for the ELM frequency and ELM energy loss for an extensive set of JET experiments (~ 200 points from 50 discharges for Fig.1(a) and ~ 100
ELMs from these discharges for Fig.1(b) [34] . The standard deviation of these distribution functions is 10% for the ELM frequency and 15% for the ELM energy loss. The need to consider measurements for reproducible Type I ELMs in stationary conditions in this study is twofold: First, varying plasma conditions both in the main and pedestal plasmas are known to affect the characteristics of ELMs.
Our study is orientated towards providing an extrapolation from present results to those expected in stationary conditions for the ITER Q DT =10 reference regime and, hence, stationary ELMs should be used. Second, due to the fast time scale (typically, a few hundred microseconds) required to measure ELM characteristics, the time resolution of many diagnostics is insufficient to determine such characteristics. In order to circumvent this problem, measurements with insufficient time resolution for many similar ELMs are combined allowing the determination of the required characteristics for an "average ELM". More details on the application of this technique can be found in [19, 44] . Obviously, this method relies on most of the ELMs combined being similar with a moderate scatter (such as those in Fig.1(a) and Fig.1(b) ) around the average value that is determined by this technique.
The determination of the ELM energy and particle fluxes on the divertor target and their variability is extremely complicated because it requires high time resolution measurements over the whole target area. Such measurements usually exist at one (or few) toroidal locations and global divertor energy flux is derived under the assumption of toroidal symmetry for the energy flux during ELMs. Existing measurements of the divertor ELM energy flux with Infra-red cameras and particle fluxes with Langmuir probes show that the divertor ELM energy flux is approximately toroidally symmetric [26, 14, 38] , as shown in Fig.2 by the probability distribution function of this asymmetry obtained from experiments in DIII-D [26] for ~ 50 ELMs. At present, it is not known if there is any correlation between the toroidal symmetry of the divertor ELM energy fluxes and other global ELM characteristics, such as the size of ∆W ELM or the pedestal plasma parameters, or if the scatter shown in Fig.2 is due to the "natural" ELM variability and/or to issues related to the relative calibration of the two IR-camera diagnostics used in this study. Assuming that the divertor ELM energy flux is toroidally symmetric for all conditions, it is possible to determine the global energy balance during ELMs, i.e., how much of the energy lost from the main plasma reaches the divertor target. Both in JET and ASDEX Upgrade, it is found that more than 50% of ∆W ELM reaches the divertor target [15, 7] .
Interaction of the plasma expelled during an ELM with the main chamber PFCs has been seen in DIII-D and JET [30, 9] . An example of the probability distribution function for the energy arriving at the divertor (∆W ELM div ) versus main plasma energy loss (∆W ELM ) from ASDEX Upgrade experiments [13] is shown in Fig.3 for ~ 20 ELMy H-mode discharges. As in the case of toroidal symmetry described above, it is not know if the scatter in this figure is associated with the "natural" ELM variability or if there is a dependence on other ELM characteristics. The data in Fig.3 and similar observations in JET [15, 7] imply that a non-negligible amount of the main plasma ELM energy loss may reach Plasma Facing Components (PFCs) in the main chamber of the device and not the divertor target. While this can enhance the range for ITER operation with acceptable divertor lifetime, it may restrict severely the lifetime of main chamber PFCs. Contrary to the divertor target, PFCs is the main chamber are usually not toroidally symmetric and the interaction of ELMs with these elements is concentrated in relatively small areas [9] .
A larger experimental database exist for the poloidal profiles of the power flux during ELMs. In ASDEX Upgrade and JET it is observed that there is no (or just a small) broadening of the power flux profile to the divertor during ELMs as compared to that between ELMs [15, 7] . An example of the probability distribution function for the relative (to in-between ELMs) broadening of the divertor ELM power width profile from ASDEX Upgrade experiments is shown in Fig.4 [14] for ~ 60
ELMs. As in the case of toroidal symmetry described above, it is not know if the scatter in this figure is associated with the "natural" ELM variability or if there is a dependence on other ELM characteristics. In some cases, large power profile shape modifications during Type I ELMs are observed [32, 5] . These have been interpreted as caused by large shifts of the divertor strike point position and research to understand these observations and their relevance for the expected ITER Type I ELMs is ongoing.
A more systematic characterisation of the probability distribution function of the ELM characteristics described in this section is necessary in order to evaluate the effect of the ELM "variability" on the ITER divertor lifetime predictions. While these studies are being carried out at the existing experimental devices, and in the absence of experimental evidence in conflict with them, the probability distribution functions shown in Figs.1-4 are taken as typical in order to estimate the expected "variability" of the ELM parameters and ELM divertor energy fluxes in ITER and the influence of this variability on the ITER divertor target lifetime [8] . The rest of this paper will describe the experimental observations of the "average" ELM characteristics in present devices and their extrapolation to ITER.
TYPE I ELM ENERGY AND PARTICLE LOSSES FROM THE MAIN PLASMA IN ELMY H-MODES.
For fixed Type I ELMy H-mode discharge conditions (P INPUT , I p , B T , plasma shape, etc.) with flat or weakly peaked density profiles (<n e > a n ped ), the ELM energy losses (∆W ELM ) are correlated with the average plasma density. Higher average (and pedestal) plasma densities correspond to smaller ELM energy losses in ASDEX Upgrade, DIII-D and JET [34, 28, 51] , as shown in Fig.5(a) and 5(b) for JET and DIII-D experiments. In this plot the ELM energy loss, ∆W ELM , is normalised to the pedestal energy W ped (W ped = 3/2 n e,ped [T e,ped + T i,ped ] V plasma ) and not to the total plasma energy W dia . This normalisation is more relevant for the study of ELMs losses, as ELMs are seen to cause a decrease in the plasma parameters only in the edge region. Normalising the ELM energy losses to W ped has improved the understanding of inter-machine ELM observations by removing the scatter introduced when normalising the ELM energy losses to W dia , due to varying degrees of profile stiffness among different experiments [27] . The decrease of ∆W ELM with increasing plasma density is mostly due to the decrease of the ELM-associated temperature drop and not to the density drop both for JET and DIII-D as shown in Fig.5 (a) and Fig.(b) . This implies that not only the size of the ELM energy loss decreases with increasing density but also that the mechanism of the ELM energy loss depends on the density of the plasma in the pedestal region. As first identified in DIII-D [28] and confirmed in JET experiments [34] , low/medium density Type I ELMs are mostly "conductive" ELMs (i.e., ∆W ELM is associated with large ∆T e , ELM ) while high density ELMs are mostly "convective" (i.e., ∆W ELM is associated with small ∆T e , ELM ). In both experiments there exist †"purely convective" Type I ELMs for high density experimental conditions. In these ELMs, the plasma temperature remains unaffected by the ELMs, as shown in Figs. 6 and 7 both for "conductive" and "purely convective" ELMs in DIII-D and JET. For these ELMs, the measured ∆W ELM is due to the loss of particles that the ELM causes (measured ∆N ELM ). These "purely convective" ELMs are the so-called "minimum" Type I ELMs [34] and, because of the weak dependence of the particle losses on pedestal plasma parameters discussed below, they determine the smallest possible main plasma energy loss that a Type I ELM can cause. Both for JET and DIII-D "minimum" Type I ELMs are associated with ∆W ELM /W ped = 0.04-0.1, which, if achievable in the ITER reference Q DT = 10 scenario, would be compatible with an acceptable divertor target lifetime [17] .
The reduction of the Type I ELM energy loss is not accompanied by a proportional reduction of the volume of plasma in which ELMs cause a sudden change of density and temperature, the socalled "ELM affected volume". ELMs affect the outermost ~ 10 -30% of the plasma radius (20 -45% of the total plasma volume) in DIII-D [29] , JET [34] and JT-60U [4] , as already shown in with it the ELM affected volume, changes only weakly. This is shown in a more detailed way in Fig.9 for the normalised radius of the innermost surface affected by the ELM in a series of fuelling scans in a large range of conditions for JET [34] . As shown in this figure, the region affected by the ELMs depends on details of the magnetic configuration, plasma shape, etc., but changes only weakly with the level of gas fuelling. Similar qualitative trends have been observed in DIII-D [47, 31] but a quantitative multi-machine comparison of these observations remains to be carried out.
Experiments in divertor tokamaks show a decrease of the Type I ELM energy loss (normalised to W ped ) with increasing pedestal density. Fig.10 shows the normalised ELM energy loss versus pedestal density normalised to the Greenwald value for the discharges considered in this study.
Although all experiments show a decrease of the ELM size with density, for similar pedestal densities (normalised to Greenwald) the measured ELM energy loss varies widely from experiment to experiment. An alternative parameter to compare inter-machine energy losses that has been proposed is the collisionality of the pedestal plasma ν* ped (neo) = R q 95 ε -3/2 (λ e,e ) -1 , where λ e,e is the electron-electron coulomb collision mean free path [33] . Figure 11 shows the same data as Fig.10 but plotted versus pedestal collisionality. The reduced differences among experiments seen in Fig.11 (with respect to Fig.10 ) indicate that the collisionality of the pedestal plasma seems to play a major role in determining the ELM energy loss across various experiments. Although no detailed physics model has been developed so far to explain this dependence, the pedestal plasma collisionality is expected to play a major role in ELM physics. Within the peeling-ballooning model of the ELM, the pedestal plasma collisionality is one of the parameters that determines the characteristics of the ELM trigger through its effect on the edge bootstrap current [6, 49, 40] . It has also been proposed that the pedestal plasma collisionality may play a major role in the transport of electron energy from the pedestal plasma to the divertor [24, 35] leading to smaller energy losses at higher plasma collisionalities.
Obviously, besides the plasma collisionality, other parameters such as the plasma shape, additional heating level, pedestal widths, etc., play a role in determining the ELM energy loss and are likely to be associated with the remaining scatter of the experimental measurements in Fig.11 . Further experiments are in progress in all major devices to determine, in detail, the pedestal plasma parameters that influence the ELM energy loss and to control such loss, as far as possible. Injection of pellets is a well established technique to trigger ELMs and, possibly, to control the ELM energy loss, which could be used in ITER [43] . Experiments in ASDEX Upgrade and JET [25, 37] have indeed demonstrated such control of ELM frequency and ELM energy loss. Unfortunately, decreasing the ELM energy loss by frequent pellet injection leads to a deterioration of energy confinement and further optimisation of these experiments (if possible at all) is necessary before they can be considered as a viable scheme for ELM energy loss control in ITER.
Contrary to Type I ELM energy losses, particle losses seem to depend very weakly on pedestal plasma parameters. This is the reason for the relatively weak dependence of convective ELM energy losses on pedestal plasma parameters first identified in DIII-D [29] . Fig. 12 shows the ELM particle losses (∆N ELM ) normalised to the pedestal particle content (N ped = n e,ped V plasma ) versus pedestal collisionality for a series of JET discharges illustrating this point. At present, there is no systematic inter-machine comparison of ELM particle losses, partly due to the difficulty of the measurement with the available diagnostics (interferometry and Thomson scattering) [44] , although the qualitative behaviour seems similar in all experiments. It is important to understand the inter-machine scaling of the ELM particle losses, as this determines the value of the convective losses and, thus, the smallest possible Type I ELM energy loss [34] .
TYPE I ELM POWER AND PARTICLE FLUXES ON PLASMA FACING
COMPONENTS.
The study of ELM power and ELM particle fluxes onto first wall components is the topic of detailed studies [7, 15] . We only consider in this paper the outcome of the results from the inter-machine comparisons of the available measurements. Type I ELMs cause intense energy pulses on the divertor target with typical durations of several 100µs. The minimum timescale for the energy flux to the divertor is determined by that of the collapse of the pedestal plasma. The transport of energy from the pedestal plasma to the divertor will only increase the duration of the phase with large divertor energy flux. The timescale for the collapse of the pedestal plasma can be determined by the decrease of the electron and ion temperatures and densities in the edge region and/or of other parameters linked to the values of pedestal temperature and density, such as the emissivity of soft X-rays. The duration of the collapse phase of the pedestal plasma parameters is typically 200-400µs in most experiments [34, 41, 28] and coincides with the duration of enhanced MHD activity and with that of the flux of energetic electrons onto the divertor target, as measured by the emission of bremsstrahlung soft X-rays [10, 34] . An example showing the collapse of the pedestal plasma for a JET discharge is shown in Fig.13 [35] . No systematic multi-machine comparison of the pedestal collapse time and of the duration of the enhanced MHD activity associated with the ELM has been carried out so far, but this time seems to be weakly dependent on pedestal parameters as shown in Fig.14 for the JET experiments [35] .
Despite the independence of the pedestal collapse duration on pedestal plasma parameters, the time scale for the ELM energy flux to the divertor target is well correlated with pedestal plasma characteristics [7, 15, 34] , as it will demonstrated below. In order to facilitate the inter-machine comparisons, the duration of the divertor ELM energy flux is characterised by the rise time of the divertor surface temperature, as measured with IR diagnostics (τ IR ELM ). For a detailed analysis of the ELM power flux during ELMs in JET and ASDEX Upgrade the reader is referred to [7, 15] . Figure 15 shows an example of the divertor target surface temperature evolution and calculated ELM power flux for a JET Type I ELM [7] together with the illustration of the definition of τ IR ELM for this case. As shown in Fig.15 , the temporal evolution of the power flux during Type I ELMs is much more complicated than what is reflected in a simple way in τ IR ELM .
In particular, the power flux during an ELM is substantially different from a square waveform in time and a substantial amount of the ELM energy arrives to the divertor target after the maximum temperature has been reached [7] . This has sizeable and positive implications for the expected power fluxes during Type I ELMs and the subsequent damage expected at the divertor target in ITER [17] . Measurements of τ IR ELM over a large range of pedestal plasma parameters in ASDEX Upgrade, JET and JT-60U
show that the duration of the ELM energy pulse on the divertor target is well correlated with the transit time for pedestal ions to reach the divertor target ( Indeed the dynamics of the ion flux to the divertor target during ELMs seems to be deeply influenced by the ion flow from the pedestal plasma to the divertor and not by local ionisation/ desorption of neutrals in the divertor. Measurements of the high energy electron flux, ion and divertor D α emission at the inner and outer divertors show that the arrival of hot electrons to both divertors coincides with the rise of ion flux and D α emission at both divertors only for low pedestal densities and high pedestal temperatures. As a consequence, for low pedestal densities and high pedestal temperatures, the ion and D α emission rise is simultaneous at both divertors as shown in Fig.17 (a) for a JET Type I ELM [34] . At higher pedestal densities and low pedestal temperatures a significant delay appears between the hot electron pulse to the inner divertor (simultaneous with the ion flux and D α emission rise at the outer divertor) and the ion flux and D α emission rise at the inner divertor. As a consequence, a significant delay appears between the ion flux and D α rise between inner and outer divertors for low pedestal temperatures and high pedestal densities as shown in Fig.17 (b) for JET [34] . This phenomenon originally found in JET [34] and JT-60U [4] has been identified in ASDEX Upgrade [18] and DIII-D [12] as well, as shown in Fig.18 . The occurrence of this delay in the arrival of the ion flux to the inner divertor and its correlation with the ion transit time from the pedestal to the divertor target is consistent with the expulsion of ELM particles being concentrated at the outer region of the torus and reaching the inner (furthest from the point of expulsion) and outer divertor by flowing from this point along the field lines.
EXTRAPOLATION OF THE TYPE I ELM ENERGY LOSSES AND ENERGY FLUXES FROM PRESENT EXPERIMENTS TO ITER.
Although a consistent picture for the ELM energy and particle losses and the associated fluxes on plasma facing components from all divertor tokamaks is emerging, the extrapolation of present , T ped = 3.5keV), the duration of the ELM power pulse in ITER is τ ELM IR = 506µms. This, together with more realistic assumptions on the ELM power pulse temporal shape, ELM energy loss to the main chamber walls, ELM power profile broadening [Eich 2003 , Herrmann 2003 ] and the possibility of modifying the ITER divertor towards more glancing poloidal angles, have lead to a recent re-assessment of the estimates of the allowed ELM energy loss for acceptable divertor lifetime in ITER, including the ELM variability described in Section 2 [8] . These estimates will be reviewed further, as more experimental data on the temporal and spatial distribution of the divertor ELM energy flux become available and the physics models are refined accordingly.
Extrapolation of the ELM energy loss from the main plasma based on present experiments to ITER remains quite uncertain. In the absence of a validated physics model for the ELM energy loss, the extrapolation to ITER is being carried out along two lines :
a) The first line uses the experimental correlation of ELM energy loss with the pedestal collisionality shown in Fig.11 and assumes that it is a valid empirical law to extrapolate present results to ITER. In ITER, ν* ped (neo) = 0.062 and, hence, the expected ∆W ELM would be 22MJ (for It is now clearly established that the energy transport during ELMs affects, or is correlated with, the size of the ELM energy loss. As shown in Section 3, the energy loss for "convection dominated"
ELMs is significantly smaller than that for "conduction dominated" ones. It is thus possible that the change of transport mechanisms correlated with the change in pedestal parameters before the ELM (by themselves or through their influence on the ELM MHD trigger) cause a limitation to the ELM energy loss itself. However, the sheath impedance to energy flux cannot be the only factor that limits the energy transport during ELMs. The transport of energy through the sheath is strongly linked to the transport of ions through it. If the sheath were the only limitation to the flux of energy from the pedestal to the divertor target during ELMs, then ELM energy and particle losses should decrease in the same way with increasing τ ||
Front
.
As already mentioned in Section 3, and explicitly shown in Fig.20 for a series of JET experiments [35] , the ELM particle losses are very weakly dependent on pedestal parameters and, hence, on τ || Front in clear contrast with the ELM energy loss shown in Fig.19 . Understanding the transport of energy from the pedestal plasma to the divertor during the ELM remains an open question. Until a validated physics model for these processes is available, it is not possible to quantify the role that the finite rate for the transport of energy from the pedestal plasma to the divertor may play in determining the ELM energy loss and, hence, its possible implications for the expected ELM energy loss in ITER.
CONCLUSIONS.
Measurements of the ELM energy losses in ASDEX Upgrade, DIII-D, JET and JT-60U have demonstrated that such losses are determined by the pedestal plasma parameters before the ELM. In particular, the pedestal plasma collisionality (ν* ped ) seems to be a good ordering parameter for the ELM energy losses when comparing measurements across experimental devices. The decrease of ∆W ELM with increasing ν* ped comes mostly from a reduction of the plasma temperature drop caused by the ELM, while the (normalised) ELM particle losses seem to be weakly dependent on pedestal Relative Probability 
